Sensory augmentation using vibrotactile stimulation has been shown to compensate for distorted haptic feedback in tissue compliance differentiation tasks in laparoscopic surgery. This study investigated its usefulness for tumor palpation. A controlled experiment was conducted using a wearable vibrotactile device that responded with various levels of vibration signal parameters (i.e., amplitude, frequency and duty-cycle) as a function of applied force during a palpation task. Results showed that subjects were able to perform more accurately and more confidently, applying lower peak forces and smaller force ranges to make a judgment regarding the presence of an embedded structure, with vibrotactile augmentation than without. In addition, as more parameters of the vibration signal were modulated (up to three), the vibrotactile augmentation tended to be more effective, possibly due to the greater information content in the multi-parameter signal. This suggests that palpation can be improved by implementing a vibration device that is capable of multi-dimensional modulation. However, the design of the vibration device should balance the advantage of providing additional information for effective information transmission with that of signal redundancy and complexity.
INTRODUCTION
Laparoscopic surgery is performed in a constrained and remote environment where visual and haptic information is reduced and sometimes distorted. Technological aids can be provided to restore haptics in laparoscopic surgery by both mechanical and electrical methods (Kota, Lu, Kreiner, Trease, Arenas, & Geiger, 2005 , Takashima, Yoshinaka, Okazaki, & Ikeuchi, 2004 , de Gersem, van Brussel, & Tendick, 2005 , Rosen, Hannaford, MacFarlane, & Sinanan, 1999 .
Sensory substitution, defined as the means to transform the characteristics of one sensory modality into stimuli of another sensory modality, has been attempted to provide additional information regarding the levels of force applied to tissue in laparoscopic surgery. For example, visual and auditory augmentation using sensory substitution showed positive results in facilitating performance in surgical knottying, force control, or teleoperation tasks (Bethea, 2004 , Massimino, 1995 . However, since the visual modality is already fully loaded in laparoscopic surgery, further loading in this modality might not be advisable. At the same time, auditory sensory substitution is usually regarded as distracting and misleading, considering the noisy environment in the OR.
Augmenting pressure or force information using vibrotactile stimulation has also been investigated in remote manipulation environments such as virtual reality laparoscopic surgery simulator, robotic surgery, and aerospace control. Using pancake motors as vibrators and pressure sensor to sense the site pressure, Xin showed that vibrotactile cues could potentially reduce the incidences of excessive use of force compared to providing visual or visual and tactile cues (Xin, Burns, & Zelek, 2006) . Schoonmaker (Schoonmaker & Cao, 2006) showed that compliance differentiation accuracy and force application control were significantly improved when vibration was provided as a function of force applied, and best when the amplitude of the feedback was fine-step modulated compared to coarse-step. In another case, combining vibrotactile feedback with visual and auditory feedback improved task completion time for novice users, but led to increased grasp pressure for experienced users of the same system during a grasping task with delicate virtual objects (Cheng, Kazman, & Robinson, 1997) . Similarly, an earlier study of teleoperation showed that performance with auditory feedback was significantly better than vibrotactile feedback, and both of them were better than traditional force reflection in contact detection and high force range detection tasks. However, in low force range detection and sustaining contact tasks, there was no significant difference between these two sensory substitutions (Massimino, 1995) . For teleoperation tasks, Debus argued that the best performance was with both force and vibration feedback (Debus, Becker, Dupont, Jang, & Howe, 2001) .
To date, no study has been done to investigate the usefulness of vibrotactile augmentation for palpation, the most common technique surgeons utilize to verify a tumor, an artery, or a bile duct in laparoscopic surgery. Furthermore, there is no systematic study to determine the relative contributions of modulation parameters of a vibrotactile signal in sensory augmentation. A controlled experiment was conducted to investigate the benefits of a wearable vibrotactile device that provided extra information regarding the level of forces applied by surgeons during a palpation task, and the relative contributions of amplitude, frequency, and duty-cycle of the vibrotactile signal. It was hypothesized that 1) vibrotactile feedback would be beneficial to laparoscopic palpation task because the force information distorted in laparoscopic surgery would be compensated through the vibrotactile channel, and 2) the combined variation in three parameters of a rectangular waveform signal would be more effective than single-and double-parameter modulations when the vibrotactile stimulation is used as sensory augmentation, because varying more parameters simultaneously would provide more information to the subjects regarding the levels of force application.
MATERIALS AND METHODS

Apparatus
The vibrotactile feedback system consisted of a force sensor and a vibration device. The force sensor was responsible for recording the tool-tissue interaction force. This force information was then transferred to the vibration device to provide vibrotactile stimulation to the user. The Nano17, a six-axis force/torque sensor (ATI Industrial Automation, Inc.) was chosen for its miniaturized design and light weight (see Figure 1A) . The C2 tactor, a miniature vibrotactile transducer (Engineering Acoustics, Inc.) was chosen as the vibrator (see Figure 1B) . Tissue samples were simulated using silicone gel formed from a combination of SS6080A and SS6080B (Silicone Solutions, Inc.). The ratio of A and B silicone components was 6:4, resulting in a gel compliance similar to human fatty tissue (see Figure 1D ). The embedded structure (bile duct) was simulated using a stiff clay material (caulking cord, Mortite, Inc.) molded in cylindrical strips 4 mm in diameter, which simulate the size and shape of the common bile duct. The bile ducts were embedded below the surface at different depths in the tissue samples: 1.5 cm (superficial), 2 cm (medium), and 2.5 cm (deep). A layer of Nylon was placed over the tissue samples during testing to prevent subjects from seeing the bile duct directly and destroying the tissue surface easily. 
Subjects and procedures
Eight subjects participated in the experiment (5 females and 3 males). All subjects were Tufts University graduate students and staff, aged between 25-35 years old, without prior experience with laparoscopic surgery.
A palpation task to detect an underlying bile duct was used. Subjects were asked to insert a laparoscopic instrument into a trainer box that contained a tissue sample with or without an embedded bile duct. Subjects were instructed to palpate the tissue sample using the laparoscopic tool determine the presence of an embedded bile duct, with or without vibrotactile stimulation. Once the judgment is made, they were asked to withdraw the instrument immediately. The vibration device was attached to the subjects' upper arm using an elastic arm band. The upper arm has been shown to have similar vibrotactile sensitivity compared to the forearm (Zhou, unpublished data). Meanwhile, the forearm is not an appropriate location for the vibration device as it interferes with surgeon's hand movements during surgery. A 30-second time limit was imposed on all subjects in each trial.
Experimental design and data analysis
The experiment was an 8 x 4 x 3 mixed design. Eight vibration modulation conditions were used: control (no vibrotactile stimulation); amplitude-modulated (A), frequencymodulated (F), duty-cycle-modulated (D), F+D-modulated, A+D-modulated, A+F-modulated, A+F+D-modulated. Four tissue samples were used: control (no embedded structure), superficial, medium, deep. Three fixed levels for each parameter were used. For amplitude (A), A1=25µm, A2=35µm, A3=45µm; for frequency (F), F1=160Hz, F2=200Hz, F3=250Hz; for duty-cycle (D), D1=20%, D2=50%, D3=80%. The levels of frequency and amplitudes were chosen based on results from a preliminary vibrotactile perception psychophysics study (Zhou, unpublished data) . The experimental conditions with modulated and fixed parameters are shown in Table 1 . The order of vibration modulation and fixed parameters conditions was counterbalanced using the Latin Square method; the order of tissue sample conditions was randomized. Each subject performed 15 trials per condition for a total of 570 trials each. 
The dependent variables were time to task completion, accuracy, confidence of judgment, peak probing force range, and contact force range. Confidence was given by subjects after each trial using a 10-point scale, with (1) indicating the least confident and (10) the most confident. A typical force profile is illustrated in Figure 2 . We report here the results on the modulation and tissue sample effects only. A 2-way repeated measures ANOVA was conducted to investigate the main and interaction effects between modulation and tissue sample variables (the conditions labeled with a (*) in Table 1 were used for the ANOVA). Pair-wise comparisons were conducted on estimated marginal means. The significance level was 0.05.
RESULTS
Force pattern
Overall, subjects performed a total of 4560 trials, including 3648 trials with samples containing an embedded bile duct. By evaluating the force profile of each trial, as shown in Figure 2 , a typical force pattern was observed by which subjects made their final judgment on whether or not there was an embedded bile duct. Initially, subjects probed around the surface of the tissue sample. When they felt something that was suspected to be the bile duct, they probed on the same spot repeatedly. If this spot was determined not to contain the target, they would continue to probe in another location and repeat this search strategy. Once a judgment was made, they would terminate the probing and stop the trial. The stages of the searching strategy and force profile features are illustrated in Figure 2 . Of the 3648 trials, subjects made a wrong judgment in only 363 trials (10%). For the 2832 trials with an embedded bile duct and correct judgments, averaged values for the featured force points in the final probing sequence (Final Judgment) of each trial were calculated. The first peak force (A) was 4.99 N, last peak force (B) was 4.34 N, highest peak force (C) was 5.80 N, lowest peak force (D) was 3.66 N, highest contact force (E) was 1.18 N, and lowest contact force (F) was 0.47 N. Of the 912 trials with tissue samples without embedded bile duct, there are 62 trials (7%) of false alarm.
Modulation method
The significant main and interaction effects are summarized in Table 2 Pair-wise comparisons performed on the modulation variable showed that subjects performed more accurately with all double and triple parameter modulations than the Control condition, and with all double modulations than the single Fmodulated condition (as shown in Figure 3) . Meanwhile, subjects were more confident with FD, AD and triple parameter modulations than the Control condition, more confident with all double and triple modulations than A-and F-modulated conditions, and more confident with triple modulation than the D-modulated condition (as shown in Figure 4 . In addition, subjects applied significantly smaller Highest Peak Force with all single, double and triple parameter modulations than the Control condition, lower force with A, FD and AD modulations than the single D-modulated condition, lower force with AD modulation than F-, AF and triple modulations (as shown in Figure 5 ). Subjects applied significantly smaller Lowest Peak Force with A, F, AD modulations than the control condition, lower force with F-, FD, and AD modulations than the D-modulated condition, lower force with AD than FD and AF modulation.
Subjects also applied smaller Peak Force Ranges with A, F, and all double and triple parameter modulations than the control condition, smaller ranges with FD and AD than F and D conditions. In addition, subjects used smaller force ranges to make judgments with A, F, and AD than the Control condition, smaller ranges with AD than D, FD, and AF conditions. Pair-wise comparisons performed on the tissue sample variable showed that subjects took more time, performed with less confidence, and applied higher contact forces in the Control condition than the other three conditions with embedded bile ducts. Performance was also significantly more accurate with the Medium and Deep bile duct conditions than the Superficial condition. Subjects used smaller force ranges to make judgments in the Medium and Deep embedded bile duct conditions than the Control condition.
DISCUSSION
In general, the results showed that vibrotactile stimulation is a useful sensory augmentation for haptic/force information in laparoscopic surgery. With the wearable vibrotactile device, subjects were able to perform more accurately and more confidently, apply smaller forces, and use a smaller force range to make a judgment regarding the presence of a bile duct. In particular, our hypothesis that modulating more parameters of the vibrotactile stimulation simultaneously to reflect force variations produced better results in terms of performance accuracy, overall confidence and force applications was confirmed. However, there was no strong evidence that co-varying three parameters at the same time was better than double parameter modulations. This suggests that the amount of information transmitted through the multiparameter coding was at a maximum at two parameters, and the third parameter represented a redundancy.
Even though our results show that vibrotactile stimulation as sensory augmentation lead to more accurate detection of the embedded bile duct, detection time was not significantly improved. Being able to identify the common bile duct in laparoscopic cholecystectomy is critical for successful operation and satisfactory patient outcomes. It has been documented by Way et al. that the majority of injuries to the bile duct (61%) involved mistaking the common bile duct (CBD) for the cystic duct, or not recognizing the CBD. It is believed that the misperception of CBD is mostly due to the loss of haptic perception and the paucity of reference to this source of information by surgeons (Way et al, 2003) . Therefore, we surmise that when subjects in our study were instructed to detect for embedded tumors, the accuracy of the performance had priority over the time taken to complete the task. A similar speed-accuracy tradeoff phenomenon is expected with surgeons in real surgical environments.
As expected, with more parameters being modulated simultaneously, task performance was enhanced to a higher extent. For accuracy measures, it was shown that double and triple modulations resulted in better performance than the Control condition, and double modulation conditions were more beneficial than the single Frequency-modulated condition. It was speculated that by co-varying amplitude or duty-cycle with frequency, subjects took advantage of the additional information the co-variation provided to improve performance accuracy. Compared to the Control condition, the significance of contrast analysis on each level of modulation conditions and the corresponding partial Eta squared (h p 2 ) showed that 32% of the variance in the accuracy was attributable to AF modulation, and 28% to FD modulation, 27% to triple parameter modulation, and 26% to AD modulation. No further improvement was found with triple parameter modulation compared to the double parameter modulation conditions. This may have been due to the limited information processing capability of the subjects. More likely, however, it was a result of a redundancy effect. That is, the force information encoded in the first two parameters has already reached a maximum. In spite of prior results that show that the sensitivity to co-varying amplitude and frequency was almost double that of each parameter modulated in isolation (Murray, 2003) , possibly due to the fact that redundancy of the dimensions made the stimulus more discernable than that varied along one dimension alone (Taylor, 1977) , no similar study has been done to extend these findings to three covarying parameters. Future work on this issue needs careful manipulation of three parameters and their combination in psychophysical studies.
The force application measures exhibited slightly different trends upon the utilization of vibrotactile feedback. Subjects applied smaller Highest Peak Force when vibrotactile stimulation was provided than no feedback, no matter which form the vibration was in. At the same time, AD modulation proved significantly better than Frequency, Duty-cycle, AF, and triple modulation, while FD and Amplitude modulation was better than Duty-cycle modulation, for force application. Partial Eta squared (h p 2 ) showed that 45% of the variance in the Highest Peak Force was attributable to Amplitude modulation, and 40% to AD modulation. On the other hand, subjects applied on average 5.20 N with AD modulation, which was lower than the 5.59 N with Amplitude modulation. Therefore, subjects performed slightly better with the addition of duty-cycle variation but only the single modulation on amplitude was good enough to ensure significantly smaller Highest Peak Force during the palpation task. It has been speculated that the use of vibrotactile feedback could permit the presentation of small forces to be perceived at a certain stimulus level, and that this level could be adjusted to a higher gain (Massimino, 1995) . The higher sensitivity to force perception therefore enables the subjects to control their force application to a finer resolution and results in better performance outcome. One thing to note for the Highest Peak Force in the triple parameter modulation condition is the fact that three parameters co-varying did benefit the performance compared to no vibrotactile feedback, but was inferior to double parameter modulation. This may be due to a distraction effect from the additional modulation parameter introduced. However, as stated in the previous section, this should be addressed in future studies.
The ability to control force application (measure of Peak Force Ranges) and the force range that subjects used to make their final judgments (measure of Contact Force Ranges) both showed that double and triple modulations were superior than no vibrotactile feedback, whereas triple modulation showed no further benefits than double modulation. However, subjectively, overall confidence of performance given by subjects showed that triple modulation was significantly superior to double and single modulation. Indeed, subjects in their post-session debriefing stated that the triple modulation signal was perceived to be very sensitive to force changes and felt the most confident when it was presented.
CONCLUSION
It is proposed that equipping surgeons with a wearable vibrotactile sensory augmentation device can improve their palpation skills during minimally invasive surgery. We have shown that as more parameters of the vibration signal were modulated, the vibrotactile device tended to be more effective, possibly due to its greater information content. However, since the multiple parameters were used to encode a single dimension of tissue interaction force, the advantage of efficient information transmission must be balance with the redundancy of the third parameter and complexity of the signal and device design. One of the limitations of this study is that a relatively small frequency range was used for the modulation. In the future, a vibrator with a wider dynamic range should be evaluated. This study also indicated the limited psychophysics understanding in tactile information processing. Further psychophysics studies regarding sensitivity of various body parts to different combinations of signal parameters would be important to design effective vibrotactile communication devices. In addition, only naive subjects were tested. It would be informative to know if augmented force information is beneficial to experienced users in the context of laparoscopic surgery, considering that they are trained to cope with little haptic feedback. Future challenges also include how to implement the device, for example, in terms of timing, duration, and magnitude of the onset signal.
